Biochemical signals acting on the nucleus can regulate gene expression. Despite the inherent affinity of nucleic acids and nuclear proteins (e.g. transcription factors) for protons, little is known about the mechanisms that regulate nuclear pH (pH nuc ), and how these could be exploited to control gene expression. Here, we show that pH nuc dynamics can be imaged using the DNA-binding dye Hoechst 33342. Nuclear pores allow the passage of medium-sized molecules (calcein), but protons must first bind to mobile buffers in order to gain access to the nucleoplasm. Fixed buffering residing in the nucleus of permeabilized cells was estimated to be very weak on the basis of the large amplitude of pH nuc transients evoked by photolytic H + -uncaging or exposure to weak acids/bases. Consequently, the majority of nuclear pH buffering is sourced from the cytoplasm in the form of mobile buffers. Effective proton diffusion was faster in nucleoplasm than in cytoplasm, in agreement with the higher mobile-to-fixed buffering ratio in the nucleus. Cardiac myocyte pH nuc changed in response to maneuvers that alter nuclear Ca 
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Introduction
A vast majority of biologically important molecules react reversibly with protons (H + ions) [1] . This chemical interaction underlies the pH-sensitivity observed with essentially all biological processes, including those that underlie cardiac function. The complex effects of protons on metabolism, electrical excitation, calcium signaling and contraction have been investigated experimentally [1] and modeled mathematically [2] . However, comparatively little is known about the effect of pH on nuclear biology. This is despite the inherent affinity of nucleic acids and nuclear proteins for protons, and hence a predicted pH-sensitivity. In particular, pH is likely to influence the activity of transcription factors such as EGR1 (Early-Growth Response 1), ERα (Estrogen Receptor α), GCR (Glucocorticoid receptor) and NFκB (Nuclear Factor kappa-lightchain-enhancer of activated B-cells) which contain protonatable histidine residues near sites of interaction with DNA [3] [4] [5] [6] . Of relevance to the heart, the DNA-binding motif of NFAT (Nuclear Factor of Activated T-cells), a transcription factor involved in pro-hypertrophic signaling [7, 8] , contains conserved histidines residues. Protons can affect cardiac function indirectly by modulating the dynamics of other signaling molecules, such as Ca 2+ ions [9] [10] [11] . Nuclear activity in cardiac myocytes is strongly regulated by Ca 2+ signals evoked by chemical messengers, notably inositol 1,4,5-trisphosphate (InsP 3 ) [12] [13] [14] . The molecular apparatus regulating transcription must distinguish InsP 3 -evoked Ca 2+ signals from electrically-evoked Ca 2+ transients that flood the cell. Pro-hypertrophic nuclear Ca 2+ signals are believed to operate within highly localized microdomains that are insulated from [Ca 2+ ] fluctuations associated with excitation-contraction coupling [15] . It is well-documented that pH strongly modulates Ca 2+ signaling in the cytoplasm [1, 9, 16] . Moreover, a gradient of pH can compartmentalize cytoplasmic [Ca 2+ ] by means of a recently described Ca 2+ /H + exchange process that operates without membranes [9] . This process could, in principle, generate stable [Ca 2+ ] gradients between the nucleus and cytoplasm. However, evidence for Ca 2+ /H + interactions in the nucleus is lacking, therefore the role of pH nuc in regulating Ca
2+
-sensitive gene expression is unknown.
The physiological and pathophysiological significance of pHsensitivity must be evaluated in the context of proton dynamics, that is, the reactive, diffusive and transport fluxes that set pH. In the heart, proton fluxes can reach several mmol/l/min, which is very large in comparison with steady-state intracellular [H + ] (normally in the sub-μM range). High cytoplasmic pH-buffering, distributed among the cell's titratable chemical moieties, restricts proton diffusivity [17, 18] and attenuates the amplitude and rate of pH changes evoked by fluxes such as metabolic acid production or membrane transport of acid [19, 20] . In contrast to the wealth of information about proton behavior in cytoplasm, little is known about proton dynamics in the nucleus. Moreover, it is often assumed [21] that pH nuc is tightly coupled to cytoplasmic pH (pH cyto ) by means of high-conductance nuclear pores, thus precluding the manifestation of nucleus-specific behavior.
Here, we investigate proton dynamics in the nucleus and compare these with proton behavior in cytoplasm. Our data show that, despite the presence of nuclear pores, protons cannot freely enter the nucleus but require mobile buffers to facilitate the transfer. We also demonstrate that buffering by fixed sites residing in the nucleus is surprisingly weak. As a result, effective proton diffusivity in the nucleus is faster than in cytoplasm. Since proton transmission in and out of the nucleus is mediated by mobile buffers, a gradient of pH could be established between the nucleus and cytoplasm (ΔpH = pH nuc − pH cyto ) by directing the flow of protonated mobile buffer molecules. Indeed, maneuvers that alter nuclear Ca 2+ signaling can stably change ΔpH, and we hypothesize that this may involve the exchange of Ca
-bound mobile buffers for their protonated form [9] . The unusual dynamics of protons in the nucleus, and interactions with calcium provide new means of interacting with the gene expression.
Materials and methods

Cells
Adult ventricular myocytes were isolated enzymically from Langendorff-perfused Sprague-Dawley rat hearts and kept in DMEM suspension for up to 8 h. Neonatal cardiac ventricular myocytes were isolated enzymically from rat pups and cultured for 48 h in LabTek chambers. Animals were sacrificed in accordance with Home Office regulations on Schedule I killing. NHDF-Ad human dermal fibroblasts (acquired from Lonza, Slough, UK) and colorectal HCT116 cancer cells (acquired from ATCC, Teddington, UK) were cultured until confluent in LabTek chambers.
Superfusion and solutions
Adult cardiac myocytes were superfused at 37°C in a custommade Perspex chamber with a poly-L-lysine treated coverslip at its base. Superfusion of neonatal cardiac myocytes, NHDF-Ad fibroblasts or HCT116 cells was performed in LabTek chambers used for culturing. Superfusion chambers were mounted on a Zeiss Axiovert inverted microscope coupled to an LSM 700 confocal imaging system. Two platinum electrodes attached to the Perspex chamber delivered field stimulation for pacing adult myocytes. CO 2 /HCO 3 − buffered Tyrode was bubbled with 5% CO 2 and contained 125 mM NaCl, 4.5 mM KCl, 11 mM glucose, 22 mM -independent fluorescence (F min ) is zero and that resting [Ca 2+ ] is 100 nM [9] . The pH-sensitive fluorescence dye cSNARF1 (10 μM; loaded into cells as the AM-ester for 10 min at room temperature) was excited at 555 nm and emission was recorded ratiometrically at 580 ± 20 nm and 640 ± 20 nm. The nuclear dye Hoechst 33342 (loaded at 1:1000 dilution for 30 min at room temperature) was excited at 405 nm and emission was recorded ratiometrically (shortpass filter b470 nm and bandpass filter 490-555 nm). All dyes were obtained from Life Technologies (UK). Higher intensity 405 nm laser was used to release acid from the caged H + -compound 6-nitroveratraldehyde.
Results
Cytoplasmic proton dynamics are attenuated by high buffering capacity
During the cardiac cycle, electrical excitation evokes large Ca 2+ fluxes across the sarcolemmal and sarcoplasmic reticulum membranes that raise cytoplasmic [Ca 2+ ] transiently. Fig. 1A shows the averaged time course of a Ca 2+ transient recorded in linescan mode (3 ms/scan) in a Fluo3-loaded adult ventricular myocyte paced at 1 Hz. Ca 2+ activates the contractile apparatus, which consumes ATP. Estimates of the turnover of intracellular ATP are~10 s (resting heart) to~2 s (maximally-activated heart) [22] , predicting that a significant fraction of the myocytes' ATP pool (several mM) is hydrolyzed during the relatively short period of tension development. Since ATP hydrolysis is a net proton-generating reaction (0.5-1.0 H + /ATP stoichiometry over the pH cyto range 6.5-7.5) [23] , a concentrated release of protons is expected to take place during contraction. To explore whether force generation is associated with a measurable 'proton transient', cSNARF1-loaded adult rat ventricular myocytes (superfused with 5% CO 2 /22 mM HCO 3 − Tyrode at 37°C) were field-stimulated at 1 Hz (1 ms pulse) and fluorescence was measured in linescan mode (1.9 ms/scan) along the long-axis of the cell, avoiding nuclear regions. The width of the fluorescence signal along the linescan was used as an index of contraction ( ]. The proton transient was abolished by treatment with the contraction inhibitor butanedione monoxime (10 mM; data not shown), suggesting that the pH response was not due to electrical activity or Ca 2+ signaling per se. The small size of the proton transient, despite the expected release of~mM of protons per contraction, is a consequence of high buffering capacity. Total buffering capacity (β) in myocyte cytoplasm at resting pH is~50 mM/pH, equivalent to a dimensionless buffering ratio (B) of 200,000:1
Assuming that buffering kinetics are fast, a 3.6 nM proton transient is thus predicted to arise from a~0.7 mM release of H + ions, i.e. hydrolysis of a tenth of the ATP pool. In summary, high cytoplasmic buffering attenuates proton dynamics in contracting myocytes.
Imaging cytoplasmic and nuclear pH simultaneously
The pH-sensitivity of the nuclear stain Hoechst 33342 was exploited to study nuclear pH dynamics [24] . Acidity increases total fluorescence emission and produces a spectral shift that permits ratiometric measurements. An optimal combination of wide dynamic range and good signal-to-noise ratio is obtained by sampling 405 nm-excited fluorescence at~440 nm (470 nm shortpass filter) and~510 nm (490-555 bandpass filter). Since the spectra of cSNARF1 and Hoechst 33342 do not overlap, both dyes can be used concurrently to probe cytoplasmic and nuclear pH by alternating between 555 nm and 405 nm excitation, respectively ( Fig. 2A) . Artifactual signal bleed-through between cSNARF1 and Hoechst 33342 detection modes was tested in myocytes loaded with one dye only at a time. In cSNARF1 detection mode, fluorescence from Hoechst 33342 was essentially absent (the nuclear dye is not excited at 555 nm). In Hoechst 33342 detection mode, fluorescence from cSNARF1 was very low compared to the signal from Hoechst 33342 (Fig. 2B ). Since both dyes can be loaded into cells passively, experiments can be performed on freshly isolated myocytes without genetic modifications. Using image analysis of confocally-acquired data to identify nuclear regions, it is possible to measure pH nuc and the surrounding pH cyto . Hoechst 33342 and cSNARF1 fluorescence ratios were calibrated using the nigericin technique [25] . Briefly, cells were superfused in solutions containing 140 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 10 mM MES, 10 mM HEPES and 10 μM nigericin (a K + /H + ionophore).
To generate a pH-calibration curve for the co-loaded fluorescent dyes, intracellular pH was manipulated by changing superfusate pH (Fig. 2C ). These data demonstrate an apparent pK a and dynamic range (R max /R min ) of 6.54 and 2.55, respectively, for Hoechst 33342 (c.f. 6.98 and 12.2 for cSNARF1). The Hoechst 33342 ratio did not change substantially during contraction, despite a 10-fold increase in [Ca 2+ ] ( Fig. 2D ), arguing for its Ca
2+
-insensitivity. Using the same procedure, the two dyes could be calibrated concurrently in neonatal ventricular myocytes, fibroblasts (NHDF-Ad) and colorectal epithelial cancer cells (HCT116).
Protons enter and exit the nucleus only when bound to mobile buffers
The pathway of least resistance to ion traffic between cytoplasm and nucleoplasm is the nuclear pore, known to conduct macromolecules as large as 100 kDa [21] . The diffusive restrictions imposed by the nucleus were explored by measuring the diffusion of calcein (a fluorescent marker of molecular weight 622 Da) following localized bleaching (FRAP: fluorescence recovery after photobleaching). Fig. 3A shows fluorescence recovery (excitation at 488 nm, fluorescence measured N510 nm) and the best-fit rate constant (the inverse of time constant). Experiments on adult myocytes were performed in 0Na0Ca superfusates to minimize motion artifacts. Bleaching was performed in one of two types of regions (see icons in Fig. 3B ) in myocytes co-loaded with calcein-AM and Hoechst 33342. In the first set of experiments, the entire nucleus was selected for bleaching (region defined on the basis of Hoechst 33342 fluorescence). In the second set of experiments, bleaching was restricted to a 3 × 3 μm region in the nucleus. In both cases, bleaching was performed until half of the fluorescence signal was attenuated locally. FRAP experiments performed in nuclear regions were then repeated in regions of bulk cytoplasm using the same size and shape of the bleaching region. Calcein diffusivity in the nucleus was no different from that in the cytoplasm, even when Ca 2+ stores were emptied by thapsigargin (10 μM; blocker of the smooth/endoplasmic reticulum Ca 2+ ATPase, SERCA). Similarly, no difference in FRAP was measured between nuclear and cytoplasmic regions of neonatal ventricular myocytes (experiments in 0Na0Ca or in normal Tyrode). Thus, the sum of nucleoplasmic tortuosity and nuclear pore permeability restrict calcein diffusivity to the same extent as does the bulk cytoplasm. These results argue that nuclear pores are not major obstacles to the movement of medium-sized molecules, such as calcein. Based on ionic radius alone, protons would be expected to flow in and out of the nucleus much faster than calcein. However, extensive buffering restricts the movement of free protons [26] . In cytoplasm, proton diffusion is facilitated by low-molecular weight (mobile) buffers, such as histidyl dipeptides [17, 18] . Effective proton diffusivity (D H eff ) is expressed mathematically as a function of free H + diffusivity (D H ), mobile buffer diffusivity (D mob ), and mobile and fixed buffering capacities (β mob , β fix ):
The role of mobile buffers in facilitating the exchange of protons between cytoplasm and nucleoplasm was explored in adult myocytes by measuring the rate of nuclear acidification in the presence and absence of intrinsic mobile buffers (Fig. 4A) . In resting (not paced), intact adult ventricular myocytes (i.e. with all intrinsic mobile buffers retained), transient exposure to acetate-containing solution reversibly acidified the cytoplasm (cSNARF1) and nucleus (Hoechst 33342). The delay in pH response between the two compartments was very small, indicating good diffusive coupling (Fig. 4Ai ). Experiments were repeated in saponin-permeabilized myocytes superfused with internal solution of low buffering power (0.5 mM Hepes and 3 mM MgATP) to minimize mobile buffering capacity (NB: lower [Hepes] would lead to difficulties in titrating solutions to a stable pH; lower [ATP] may lead to movement artifacts due to hyper-contracture). Switching between superfusates at pH 7 and 6.6 evoked a delayed pH nuc response reported by Hoechst 33342. To determine if this pH nuc response was rate-limited by slow delivery and wash-out of acid in the extra-nuclear region, myocytes that had not been loaded with Hoechst 33342 were first saponin-permeabilized and then exposed for 30 s to a solution containing 10 μM of the pH-reporter fluorescein conjugated to wheat germ agglutinin (WGA). WGA-fluorescein binds to membrane-tethered proteins, thus staining the sarcolemma and nuclear envelope (Fig. 4Aii) [27] . The fluorescence signal in extra-nuclear regions reported a faster pH response than nuclear Hoechst 33342, indicating that proton access to the myocyte's nucleus across nuclear pores is the rate-limiting step that depends on mobile buffers availability.
The relationship between mobile buffering and proton transmission in and out of the nucleus was explored further in NHDF-Ad fibroblasts loaded with calcein (AM-ester) and Hoechst 33342. Compared to myocytes, fibroblasts have larger and more spherical nuclei for better resolution of pH nuc dynamics. Furthermore, fibroblast nuclei are more readily accessible upon surface-membrane permeabilization across a thin layer of cytoplasm. To permeabilize the surface membrane only, 0.005% saponin solution was withdrawn at the onset of calcein fluorescence loss (Fig. 4B) . The rate of calcein loss from the nucleus provided a measure of calcein permeability across nuclear pores. By varying the composition of internal solution, experiments were performed in the presence of high (20 mM) or very low (0.5 mM) concentrations of Hepes, an exogenous mobile buffer. Since ATP is also a mobile pH buffer, [MgATP] was restricted to 2 mM (buffering b1 mM/pH). Unlike cardiac myocytes, fibroblasts do not undergo a contractile response (rigor) at this low [ATP] . Proton flux in and out of the fibroblast nuclei was evoked by switching rapidly between superfusates titrated to 7.1 and 6.6 (Fig. 4B) , and the pH nuc response was reported by Hoechst 33342. Thus, each experiment measured a proton-to-calcein permeability ratio per nucleus. As shown in Fig. 4C , the permeability ratio was greater with higher [Hepes] . A plot of the permeability ratio against total mobile buffering capacity (Hepes plus MgATP; assuming pK a of 7.31 and 6.49, respectively [9] ) shows that mobile buffering is obligatory for proton transport in and out of the nucleus. This relationship also shows that protons enter (and exit) the nucleus more slowly than calcein if the mobile buffering capacity is below~10 mM/pH (nota bene, equivalent to the intrinsic mobile buffering capacity of cardiac cytoplasm [17] ). In summary, proton traffic in and out of the nucleus is relatively slow and must be carried aboard mobile buffers.
Proton buffering by fixed moieties resident in the nucleus is weak
Mobile buffers account for half of the total intrinsic buffering capacity in myocyte cytoplasm; the remainder being attributed to fixed buffers [18] . Fixed buffering capacity can be measured by disturbing pH nuc in cells that have been permeabilized to remove intrinsic mobile buffers. Adult myocytes, loaded with Hoechst 33342 were permeabilized and superfused with internal solution containing 0.5 mM Hepes and 3 mM ATP, to minimize mobile buffering, and 2 mM of 6-nitroveratraldehyde (NVA), a highly permeant photolabile H + -donor. pH nuc was reported by Hoechst 33342 under low intensity excitation to minimize background NVA photolysis. Higher intensity 405 nm excitation (raised~100-fold relative to Hoechst excitation) was used to release protons from NVA in a controlled manner. A series of 5 exposures to high intensity 405 nm laser produced a large pH nuc response ( Fig. 5A; black trace) . Assuming complete photolysis of NVA, the amplitude of this pH nuc response suggests that nuclear pH buffering is very low (2 mM NVA evoking a 1.6 pH nuc change is equivalent to a buffering capacity of 2/1.6 = 1.3 mM/pH). Of this,~1 mM/pH buffering can be attributed to the presence of Hepes plus ATP. The relaxation time constant of the evoked pH nuc transient was 8.0 ± 1.9 s, confirming a previous result (Fig. 4A ) that the efflux of protons from the nucleus is slow in the absence of intrinsic mobile buffers. To demonstrate the effect of intrinsic mobile buffers on pH nuc transients, experiments were repeated on intact myocytes loaded with Hoechst 33342 and superfused with 0Na0Ca solution. Uncaging protons using the same amount of energy as with permeabilized cells produced considerably smaller pH changes in nuclei that retain intrinsic mobile buffers ( Fig. 5A ; gray trace). Fixed buffering capacity residing in the nucleus was measured using an alternative method. pH nuc transients were evoked by exposing permeabilized cells to internal solution containing weak acids or bases. Hoechst 33342-loaded HCT116 cells were used for these experiments because their nuclei are larger (radius 5.8 ± 0.3 μm) and more spherical than those of the adult myocyte, while the cytoplasmic volume is very small. These conditions improve the power to resolve pH nuc transients and minimize the distance from superfusate to the nucleus for more responsive pH nuc manipulations. Upon saponin-permeabilization in 20 mM Hepes internal solution at pH 7.0, cells were transiently exposed to solution containing 40 mM ammonium/ammonia and then to solution containing 40 mM acetate/acetic acid at constant pH. These solution maneuvers did not alter pH nuc , as expected from the high buffering capacity provided by Hepes (Fig. 5Bi ). Experiments were repeated in solutions with very low (0.5 mM) [Hepes] . Exposure to ammonium/ammonia solution produced a transient decrease of pH nuc of 0.29 units; whereas acetate/acetic acid solution evoked a 0.19-unit pH nuc transient in the opposite direction (Fig. 5Bii) . These responses suggest that in nucleoplasm, the charged species (ammonium, acetate) diffuse faster than the uncharged conjugate (ammonia, acetic acid). This behavior may be attributed to regions of nuclear hydrophobicity (low dielectric constant) [21, 28] , which may retard NH 3 /acetic acid diffusion. On such a model, entry of ammonium (an acid) ahead of ammonia reduces pH nuc , and entry of acetate (a base) ahead of acetic acid raises pH nuc (Fig. 5Biii) . The size of pH nuc transients suggests that overall pH buffering is low. 40 mM NH 4 + entering a compartment at pH 6.9 would, at equilibrium, produce 0.3 mM NH 3 K HAc = 10 −4.5 M). Based on these estimates of acid uptake/release and the amplitude of pH nuc transients, buffering capacity is estimated to be~1 mM/pH. For a more accurate calculation that considers the slower entry of uncharged species, a model [29] was used for best fitting
Here k on is the protonation constant (10 10 s [29] . To simulate exposure to weak acid/ base, the boundary condition (at r equal to nucleus radius) was set to represent the equilibrium composition of acetate or ammonium containing solution. Best-fitting to data yielded a β of 0.3 mM/pH and uncharged species diffusivity that was 3.7 orders of magnitude lower than the conjugate ion (Fig. 5Biii) . Since 0.5 mM Hepes contributes~0.2 mM/pH buffering at pH 6.9, fixed buffering in nuclei is inferred to be very weak.
Protons diffuse faster in the nucleus than in cytoplasm
The observations so far demonstrate that mobile buffers enter nuclei freely across nuclear pores (Fig. 4) and that fixed buffering capacity residing in the nucleus is very low (Fig. 5) . Applying this information to Eq. (1) predicts that protons should diffuse faster in nucleoplasm than in cytoplasm (that is, the mobile fraction of buffering is higher in the nucleus). This prediction was tested experimentally in adult ventricular myocytes superfused with CO 2 /HCO 3 − -buffered Tyrode containing 0.5 mM 6-nitroveratraldehyde, a highly membrane-permeant, photolabile H + -donor. By restricting the acid-uncaging site (i.e. 405 nm light exposure) to a small region of the cell and iterating between localized uncaging and whole-cell pH-image acquisition, it is possible to experimentally produce a point-source of acid and measure its dissipation throughout the cell [18] . Since high spatial resolution is required for measuring proton diffusion, Hoechst 33342 could not be used because the higher-intensity 405 nm laser needed for adequate spatial mapping of the nucleus would concurrently uncage acid from NVA. Thus, cSNARF1 fluorescence was used to measure diffusivity in cytoplasmic and nuclear regions. Myocytes were AM-loaded with cSNARF1 and fluorescence was recorded ratiometrically in linescan mode to improve temporal resolution. Between line-scanning for cSNARF1 (555 nm excitation), a high-intensity laser (405 nm) uncaged protons in a small segment of the linescan (Fig. 6A) . This protocol had a temporal resolution (5.3 ms) sufficient to resolve diffusion delays over the small dimensions of cardiac nuclei (20 μm or less in long axis). To measure proton diffusivity in nucleoplasm, linescans were positioned to run along the long-axis of nuclear regions (Fig. 6Ai) . In separate experiments, cytoplasmic diffusivity was determined from linescans that omit nuclear regions (Fig. 6Aii) ] time courses in two regions of interest along the linescan were best-fitted to simulations generated by a one-dimensional diffusion model [18] . The model solved the diffusion problem over the entire myocyte-length with reflection boundary conditions, and with a constant point-source of acid (F) positioned at the uncaging site:
Results demonstrate that protons diffuse twice as fast in nucleoplasm compared to bulk cytoplasm (Fig. 6B ), in agreement with the prediction of Eq. (1).
Nuclear Ca
2+ dynamics can regulate the pH gradient between nucleus and cytoplasm Inositol 1,4,5-trisphosphate (InsP 3 ), acting on InsP 3 receptors, regulates gene expression by triggering Ca 2+ release from the nuclear envelope (NE), a structure that is continuous with the sarcoplasmic reticulum (SR) [12] [13] [14] . In the cytoplasm, [Ca 2+ ] and pH are coupled via chemical interactions, such as binding to common buffers [9] . However, the relationship between nuclear [Ca 2+ ] and pH nuc is unknown. This was explored in adult ventricular myocytes dually loaded with cSNARF1 and Hoechst 33342. Myocytes, superfused in CO 2 /HCO 3 − -buffered Tyrode, were paced (1 Hz) to load the SR/NE with Ca
2+
. Following a 3 minute resting period, pH nuc was only marginally more alkaline than cytoplasm (ΔpH = pH nuc -pH cyto = 0.0324 ± 0.0163). Treatment with the InsP 3 receptor antagonist 2-aminoethoxydiphenyl borate (2-APB; 5 μM) made the nucleus more alkaline relative to the cytoplasm (Fig. 7A) . Even after 20 min of treatment with 2-APB, pH nuc was stably alkaline-shifted relative to pH cyto (ΔpH = 0.092 ± 0.017; Fig. 7B ). Emptying the SR/NE Ca 2+ store with the SERCA inhibitor thapsigargin (10 μM; pre-treatment for 10 min) did not mimic the effect of 2-APB on pH nuc , but collapsed ΔpH (Fig. 7B) . Blocking SERCA is expected to raise nucleoplasm [Ca 2+ ] as NE/SR stores become depleted. In contrast, 2-APB lowers nucleoplasm [Ca 2+ ] by curtailing the leak [30] . Thus, pH nuc in adult myocytes is influenced by Ca 2+ signaling, producing the highest pH nuc when nuclear [Ca 2+ ] is low. Under physiological conditions, resting levels of Ca 2+ signaling in the fully differentiated adult myocyte produce modestly alkaline nuclei. In contrast, nuclei of neonatal myocytes were more acidic than the surrounding cytoplasm (ΔpH = −0.041 ± 0.012). ΔpH in neonatal and adult myocytes were collapsed by the K + /H + ionophore nigericin (10 μM) applied in high-K + superfusates (Fig. 2) .
Discussion
This study explored proton dynamics in nuclei using a combination of fluorescence imaging and mathematical modeling. Biophysical characterization of the behavior of protons in the nucleus is necessary for understanding the regulation of pH nuc . This information is relevant to nuclear biology because nucleic acids and nuclear proteins react with protons. To the best of our knowledge, this is the first study to simultaneously measure the pH in the nucleus and its surrounding cytoplasm in wild-type cardiac myocytes using non-protein fluorescent probes loaded passively into cells. This was achieved using two spectrally resolvable dyes, Hoechst 33342 and cSNARF1, which emit pH-sensitive (but Ca 2+ -insensitive) fluorescence that can be quantified ratiometrically. Unlike pH-sensing proteins expressed in the nucleus [31] , Hoechst dyes intercalate with DNA and probe pH in the DNA nano-environment, which is the domain relevant for regulating gene expression. The relevance of signal compartmentalization is emphasized by the ability of nuclear sensors to distinguish between Ca 2+ evoked by InsP 3 signaling and 'contraction' Ca 2+ evoked electrically [15] . Dual emission ratiometry eliminates motion artifacts and allows for accurate calibration in units of pH. Since measurements of nuclear and cytoplasmic pH can be performed on the same cell, the power to resolve pH gradients is high. Proton dynamics in the cytoplasm are greatly influenced by the exceptionally high buffering capacity. In cardiac myocytes, the large (~mM/min) proton fluxes driven by the high turnover of ATP per cardiac cycle do not substantially affect cytoplasmic pH. As shown in Fig. 1, bulk ] and energetics. All parts of the myocyte that are adequately coupled by diffusion with the bulk cytoplasm are expected to have access to this buffering capacity. It is generally accepted that small ions can enter and exit the nucleus freely across large nuclear pores. Indeed, our data show that calcein, a medium-sized molecule similar in mass to ATP, diffuses into the nucleus as rapidly as it does in bulk cytoplasm of neonatal and adult cardiac myocytes (Fig. 3) . Emptying the SR/NE Ca 2+ store did not affect calcein mobility, arguing that the permeability of pores to medium-sized molecules is independent of NE [Ca 2+ ]. These observations suggest that nuclear pores and the nucleoplasm collectively exert the same resistance to diffusion as the cytoplasm.
In light of the observation that nuclear pores do not substantially restrict calcein diffusion, it was surprising to find that proton transmission in and out of the nucleus can be relatively slow. Protons were only able to access the nucleoplasm if sufficient mobile buffering was available (Fig. 4A, D) . This inference is consistent with the unique properties of protons, largely because of their high reactivity. As illustrated mathematically by Eq. (1), free diffusion of protons is made negligible by high buffering capacity; instead, effective proton mobility is described exclusively by the properties of buffers. Because of their large lumen, nuclear pores cannot support special forms of proton diffusion (e.g. Grotthuss [32] ) that normally take place across proton channels. Our data suggest that the exchange of protons between nucleus and cytoplasm takes place by means of facilitated diffusion aboard mobile buffers. These act as proton carriers that shuttle between the nucleus and cytoplasm down concentration gradients. Experimentally, mobile buffers were delivered to permeabilized cells from the superfusate. In intact cells, mobile buffering is provided by intrinsic molecules supplied by cytoplasm (such as phosphates, amino acids and dipeptides) plus the extrinsic buffer CO 2 /HCO 3 − . Collectively, intrinsic mobile buffers account for~10 mM/pH buffering capacity in cardiac myocyte cytoplasm [17] . The effectiveness of CO 2 /HCO 3 − to act as a mobile buffer is limited by its slow spontaneous reaction kinetics that could be accelerated by carbonic anhydrase (CA) activity [20] . To date, none of the mammalian CA isoforms are known to target to the nucleus [33] , thus CO 2 /HCO 3 − may be relatively ineffective as a mobile carrier of nuclear protons. Thus, considering the normal range of myocyte mobile buffering, protons are transmitted in and out of the nucleus no faster than calcein, despite being 600-fold smaller (Fig. 4D) . Fixed pH buffers resident in the nucleus cannot facilitate proton transport, but will influence the magnitude and rate of pH nuc changes. Surprisingly, our data (Fig. 5) suggest that fixed buffering (β fix ) in the nucleus is very weak. This was inferred from the amplitude of pH nuc transients evoked by photolytic acid uncaging in permeabilized adult myocytes and exposure of permeabilized HCT116 to weak acids or bases. Low β fix (~1 mM/pH) is somewhat surprising, given the presence of protonatable sites on nucleic acids and nuclear proteins. However, half of the nuclear mass is DNA which is only a weak buffer at resting pH because the pK a of its bases and phosphate backbone is outside the physiological pH range. A consequence of low nuclear β fix is at least three-fold. Firstly, the nucleus is reliant on other parts of the cell to supply buffers for protecting the genome against pH disturbances. Secondly, the nucleus is more prone to developing out-of-equilibrium pH transients during evoked proton fluxes. Thirdly, effective proton diffusivity (D H eff ) in the nucleus is predicted to be faster than in bulk cytoplasm. In myocyte cytoplasm at resting pH i , a third of total buffering capacity is due to CO 2 / HCO 3 − [18] . Of the remainder, a third is attributable to intrinsic mobile buffers. Therefore, 40-50% of total buffering in cytoplasm arises from fixed moieties. Assuming D mob and β mob are no different between nucleus and cytoplasm, Eq. (1) predicts a doubling of diffusivity in the nucleus. Indeed, D H eff in the nucleus was found to be twice its cytoplasmic value (Fig. 6) . The nucleus hosts a specialized Ca 2+ signaling apparatus that is implicated in the control of gene expression. Our data show that altering nuclear Ca 2+ signaling also affects pH nuc . Blocking InsP 3 receptor channels (with 2-APB) was found to selectively alkalize pH nuc , thereby increasing the magnitude of the pH gradient across the nuclear envelope (ΔpH) (Fig. 7) . Intriguingly, the change in ΔpH was stable which indicates that an uphill transport mechanism must balance dissipative proton backflux. Previous studies have measured nuclear pH to be higher than cytoplasm [28] . This apparent ΔpH gradient may arise from a trans-NE potential (V NE ), Gibbs-Donnan forces, differences in ionization, or an artifact of dye calibration [21] . Our finding that ΔpH can change dynamically with maneuvers that affect Ca 2+ signaling argues against dye artifacts. Moreover, addition of nigericin (K + /H + ) abolished pH gradients (Fig. 2) . Previous electrophysiological measurements have shown that the nucleus is negatively charged relative to the cytoplasm (V NE in the range −10 to −5 mV [21] ), which would per se result in a negative ΔpH of~−0.1 units at equilibrium (acidic nucleus). Instantaneously blocking Ca 2+ release via InsP 3 receptors at the inner nuclear membrane could be expected to make the nucleus more negatively charged, i.e. more acidic. This prediction goes against our experimental observations. The excess of anionic charge in the nucleus has been suggested to generate a Gibbs-Donnan equilibrium favoring nuclear acidity. Blocking Ca 2+ release may reduce the extent to which anionic charge is neutralized by Ca 2+ , thereby exacerbating the Gibbs-Donnan effect. Again, this prediction contradicts our findings. The nucleoplasm is more hydrophobic than the cytoplasm, and hence has a lower dielectric constant. In vitro, this tends to decrease weak acid ionization [28] and would predict an alkaline pH nuc (Fig. 8A) , as observed at the steady-state (Fig. 7) . However, this model, alone, is inadequate because it cannot explain how abrupt inhibition of Ca 2+ signaling could evoke a change in ΔpH. The underlying mechanism must account for the observation that increasing NE Ca 2+ load (thapsigargin b paced cells b 2-APB) correlates with pH nuc (Fig. 7B) . The circuit for Ca 2+ signaling in the myocyte nucleus is proposed to involve release at the inner nuclear membrane (via InsP 3 receptors) and uptake at the outer nuclear membrane (via SERCA pumps). As shown experimentally by others [30] , blocking release would lower [Ca 2+ ] nuc (Fig. 8B) ). (Fig. 8C) ] nuc may acidify the nucleus by displacing protons from buffering moieties that also bind Ca 2+ ions. Such a competitive interaction is known to occur in cytoplasm and is mediated, at least in part, by histidyl dipeptides [9] which are predicted to be a major contributor to nuclear pH buffering. However, diffusive coupling (albeit slow) between the nucleus and cytoplasm would eventually dissipate pH gradients. Thus, an uphill form of proton transport is required to stabilize ΔpH. -free buffer is expected to be more anionic and have higher proton affinity (K a ). If this were in the physiological pH range, the returning buffer molecules would carry a significant proton cargo to acidify the nucleus. Since protons can only enter the nucleus aboard mobile buffers, dissipative back-flux would be readily surmountable. The modeling framework presented in [9] ] ratio would be attained by a combination of high Ca 2+ affinity of mobile buffers, high nuclear Ca 2+ buffering relative to cytoplasm, and low β fix . Thus, the low nuclear β fix measured experimentally (Fig. 5) would support the development of ΔpH during Ca 2+ signals. The inversion of ΔpH from positive (alkaline nucleus) in adults to negative (acidic nucleus) in neonates may relate to different degrees of nuclear Ca 2+ signaling engaged at different stages of development and differentiation.
Conclusions
Despite the presence of high-conductance nuclear pores, protons can only enter (or exit) the nucleus when bound to mobile buffers. This carrier-mediated transport results in surprisingly slow proton transmission. Mobile buffers, ultimately supplied by the cytoplasm, account for the majority of nuclear pH buffering because of the low concentration of fixed buffering moieties in nucleoplasm. As a result of this unique buffering milieu, protons in the nucleus diffuse faster than in the cytoplasm. -bound mobile buffers with protonated mobile buffers.
